Mitochondrial ROS Regulates Cytoskeletal and Mitochondrial Remodeling to Tune Cell and Tissue Dynamics in a Model for Wound Healing  by Muliyil, Sonia & Narasimha, Maithreyi
Developmental Cell
ArticleMitochondrial ROS Regulates Cytoskeletal
and Mitochondrial Remodeling to Tune Cell
and Tissue Dynamics in a Model for Wound Healing
Sonia Muliyil1 and Maithreyi Narasimha1,*
1Department of Biological Sciences, Tata Institute of Fundamental Research, Colaba, Mumbai 400005, India
*Correspondence: maithreyi@tifr.res.in
http://dx.doi.org/10.1016/j.devcel.2013.12.019SUMMARY
How cues that trigger the wound response result in
tissue healing is a question of immense biological
and medical importance. Here we uncover roles for
mitochondrial reactive oxygen species (mtROS)
during Drosophila dorsal closure, a model for wound
healing. By using real-time visualization of ROS
activity and single-cell perturbation strategies, we
demonstrate that stochasticities in ROS generation
in the amnioserosa are necessary and sufficient to
trigger cell delamination. We identify dose-depen-
dent effects of mtROS on actomyosin and mito-
chondrial architecture, dynamics, and activity that
mediate both stochasticities in cell behavior and
the phases of tissue dynamics accompanying dorsal
closure. Our results establish that ROS levels tune
cell behavior and tissue dynamics qualitatively and
quantitatively. They identify a pathway triggered by
ROS and mediated by the Rho effector ROCK and
its substrates that influences tissue patterning and
homeostasis through the coordinate regulation of
both mitochondrial morphology and tissue tension.
INTRODUCTION
Living tissues are remarkably resilient to perturbations in their
integrity. Physiological insults including normal cell turnover
and wounds inflicted by laser ablation are effectively healed by
local, patterned, and heterogeneous cellular and cytoskeletal
rearrangements mediated by molecular signals such as Ca2+
and the Rho family of GTPases (Gibson et al., 2006; Kiehart
et al., 2000; Meghana et al., 2011; Sonnemann and Bement,
2011). Diseases of vasculature and metabolism compromise tis-
sue integrity and are associated with poor wound healing (Guo
and DiPietro, 2010). Although the identity of signals and growth
factors that facilitate the wound response and their effects on
cell proliferation have been previously documented, how cues
that modulate wound healing are transduced to accomplish
patterned changes in cell behavior and tissue dynamics remains
very poorly understood.
Dorsal closure, a complex morphogenetic movement during
late Drosophila embryogenesis, accomplishes the covering ofDevelopmthe dorsal surface of the embryo by the epidermis. It recapitu-
lates wound healing (observed in vivo and in cellular monolayers
in vitro) in several respects, despite the fact that there is only a
separation between the two fusing flanks of the epidermis by
the intervening tissue, the amnioserosa. First, the meeting of
the two flanks is partly driven by collective and directed cell
migration. Second, this fusion is aided in large measure by the
contraction of the intervening/bed tissue, the amnioserosa,
which is postmitotic and degenerates after dorsal closure
(Narasimha and Brown, 2004; Scuderi and Letsou, 2005). Third,
similar cytoskeletal changes characterize leading edges of the
migrating fronts. The contraction of the amnioserosa relies on
cell-shape changes driven by apical constriction and occurs in
two phases (I and II) that are, respectively, pulsed and unpulsed
(Blanchard et al., 2010; Kiehart et al., 2000; Narasimha and
Brown, 2004; Saravanan et al., 2013; Scuderi and Letsou,
2005; Solon et al., 2009). It is also aided by cell delamination,
which is seemingly stochastic in its occurrence but occurs
more frequently in the anterior part of the amnioserosa and con-
tributes up to a third of the force generated by the amnioser-
osa (Muliyil et al., 2011; Toyama et al., 2008; Sokolow et al.,
2012). Delamination resembles a small wound in three respects
(Meghana et al., 2011): (1) in the similar cytoskeletal responses
(actomyosin enrichment) at the leading edges (delaminating
cell-nearest neighbor interfaces), (2) in the polarized organiza-
tion of the cells and their cytoskeleton around it, and (3) in its
culmination by reestablishing contact between separated edges
(neighbor interfaces). Additionally, large wounds inflicted by
lasers to either tissue generate free edges that lead to efficient
healing by similar mechanisms (Wood et al., 2002).
Previous work from our laboratory identified two cues that
trigger cell delamination: (1) mechanical stimulus and/or release
of cellular prestress (Meghana et al., 2011), and (2) mitochondrial
fragmentation, the earliest observable feature of a delaminating
cell. The latter is both necessary and sufficient for cell delamina-
tion and leads to caspase activation and cell death (Muliyil et al.,
2011). This hierarchy and its modulation by tension first sug-
gested that delamination might be part of a tissue homeostatic
mechanism in response to chemical and mechanical stresses.
Indeed, subsequent work has demonstrated that the modulation
of delamination frequencymaintains cell-number homeostasis in
other tissues (Eisenhoffer et al., 2012; Marinari et al., 2012). The
origin and basis for stochastic mitochondrial fragmentation have
remained unclear.
Mitochondrial remodeling can be influenced by the activa-
tion of the apoptotic, metabolic, and developmental/oncogenicental Cell 28, 239–252, February 10, 2014 ª2014 Elsevier Inc. 239
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of reactive oxygen species (ROS) (Nagaraj et al., 2012; Nunnari
and Suomalainen, 2012; Youle and van der Bliek, 2012). The
dysregulation of ROS metabolism adversely influences cell
viability and contributes to poor wound healing, mostly through
its effects on the microvasculature (Guo and DiPietro, 2010).
Recent studies have also identified beneficial and regulatory
roles for cytosolic ROS or peroxides in the inflammatory
response to wounding, the proliferative response following
amputation (Love et al., 2013; Niethammer et al., 2009; Razzell
et al., 2013), and cell migration during development (DeGennaro
et al., 2011). Some of these effects rely on ROS regulation of
adhesion (DeGennaro et al., 2011) and actin dynamics (Sakai
et al., 2012; Taulet et al., 2012). How ROS influences tissue
patterning remains poorly understood.
In this work, we establish the role of ROS as a trigger of mito-
chondrial fragmentation and cell delamination by the following:
(1) examining the cellular and subcellular origins of ROS during
delamination and dorsal closure, (2) examining their influence
on cell behavior and tissue dynamics, (3) examining their ability
to direct cytoskeletal organization and influence mitochondrial
remodeling, and (4) identifying the molecular mechanism under-
lying these effects. Our observations provide a mechanism
involving the Rho effector Rho kinase (ROCK), through which
ROS levels can tune cell behavior, tissue dynamics, and tissue
tension and thus contribute to homeostasis.
RESULTS
Mitochondrial ROS Is Necessary and Sufficient to Drive
Cell Delamination and Hasten Closure
We previously established the necessity and sufficiency of
mitochondrial fragmentation for cell delamination. The hitherto
earliest signature of delamination, it was detected prior to both
changes in cell morphology and the activation of the apoptotic
pathway (Muliyil et al., 2011). We explored the possibility that
the accumulation of ROS might underlie stochastic mitochon-
drial fragmentation (Youle and van der Bliek, 2012). We first
examined the localization of ROS activity using a glutathione
S-transferase D1-GFP (gstD-GFP) reporter construct, previously
shown to work as a good in vivo sensor for ROS (Sykiotis and
Bohmann, 2008). ROS activity was detected stochastically inFigure 1. The Localization and Influence of ROS in the Amnioserosa
(A–C) Time-lapse confocal images of gstD-GFP transgenic embryos.
(A) GFP is detected in single cells (red arrowheads) that delaminate (n = 7 embry
(B and C) Apical (B1–B4) and basal (C1–C4) sections showing GFP expression (r
(D) Whole-embryo (D1) and single-cell (D2) analysis of MitoSOX (red) labeling in gs
positive cells, respectively; n = 8 embryos).
(E) Quantitative analysis of gstD-GFP andMitoSOX colocalization (n = 20 cells from
(n = 43 cells from five embryos).
(F) Spatial distribution of natural delamination (n = 32 from four embryos), gs
ROS-induced delaminations in SOD2 RNAi embryos (n = 99 cells from five embr
(G) The influence of mtROS on cell delamination in the amnioserosa (n = 7 embr
(H) The influence of cytosolic ROS perturbations on cell delamination in the amn
(I) Ellipse areas of stage-matched control, SOD2 RNAi-, MitoPLD RNAi-, or catala
color coded as per the key).
(J) Ellipse areas of stage-matched control, Nox1 RNAi-, SOD1 RNAi-, or SOD1-o
coded as per the key).
Data are mean ± SEM. *p < 0.05, **p < 0.01. The scale bars represent 20 mm. Se
Developmsingle cells in the amnioserosa. The simultaneous visualization
of the ROS reporter and apical cell areas in real time revealed
that the majority (90 ± 2.5%; n = 25) of ROS-positive cells delam-
inate (Figures 1A–1C and 1E). An exception to this are the ROS-
positive peripheral amnioserosa (AS) cells (3%, n=35; Figure 1F),
which did not delaminate. Further, all delaminating cells in the
amnioserosa are ROS positive: in the majority of delaminating
cells (57.7 ± 8.3%; n = 43), ROS activity was detectable in uncon-
stricted cells, that is, at a cell constriction index (CI; a measure of
the cell area of a delaminating cell as a fraction of the average
area of its neighbors) of 1 (Figure 1E; Movie S1 available online),
whereas in the remainder it was detected at CIs lower than 1.
Thus, ROS can be detected as early as mitochondrial fragmen-
tation (Muliyil et al., 2011). The majority of ROS-positive cells,
like naturally delaminating cells, were located in the anterior
two-thirds of the amnioserosa (88.6%, n = 35 and 92.5%, n =
32, respectively; Figure 1F), and their numbers and distribution
frequencies were also comparable. All the gstD-GFP-positive
cells also stained positive for the mitochondrial ROS-specific
dye MitoSOX (n = 20; Figures 1D and 1E), confirming the
mitochondrial origin of ROS. Although the presence of some
MitoSOX single-positive cells (20% of all ROS-positive cells)
suggests that a transcriptional delay might account for some
delaminating cells turning on gstD-GFP at CIs lower than 1,
heterogeneities in the population of delaminating cells cannot
be ruled out.
Given its early appearance in most delaminating cells and
its presence in all delaminating cells, we tested the possibility
that high levels of ROS trigger cell delamination. For this, we
increased and decreased ROS levels in AS cells by using genetic
perturbations in the major class of ROS-scavenging enzymes,
the superoxide dismutases (which generate H2O2 from super-
oxides; Landis and Tower, 2005), and followed their behavior
by using c381 Gal4 and E-cadherin-GFP. The strength of these
perturbations on SOD2 and ROS levels was validated using
anti-MnSOD antibodies, MitoSOX, and gstD-GFP (Figure S1).
An increase in the levels of mitochondrial (mt)ROS (by downre-
gulating SOD2, the Drosophila homolog of the mitochondrial
Mn superoxide dismutase; Landis and Tower, 2005) significantly
increased delamination events, the majority of which were local-
ized to the anterior amnioserosa (Figures 1F, 1G, and S1A–S1M).
In contrast, reducing levels of mtROS by overexpressing SOD2os).
ed arrowheads) in delaminating cells (n = 8 embryos).
tD-GFP embryos (white arrowhead and pink arrow indicate double- and single-
six embryos) and the relationship between ROS activity and cell delamination
tD-GFP-positive cells in control embryos (n = 35 from four embryos), and
yos), color coded as indicated.
yos each). o/e, overexpressing.
ioserosa (n = 6 embryos).
se-overexpressing embryos (n = 7; 0 marks the end of closure; genotypes are
verexpressing embryos (n = 5; 0 marks the end of closure; genotypes are color
e also Figure S1 and Movie S1.
ental Cell 28, 239–252, February 10, 2014 ª2014 Elsevier Inc. 241
(legend on next page)
Developmental Cell
Oxidative Stress Tunes Cell and Tissue Dynamics
242 Developmental Cell 28, 239–252, February 10, 2014 ª2014 Elsevier Inc.
Developmental Cell
Oxidative Stress Tunes Cell and Tissue Dynamicssignificantly suppressed cell delamination (Figures 1G, S1N, and
S1O). To rule out the possibility that other functions of SOD2
contribute to its effects, we examined the effects of quenching
ROS by overexpressing catalase (which reduces H2O2 to water
and has been shown to reduce ROS generated by Drosophila
mitochondrial mutants; Wang et al., 2012b) in the amnioserosa.
This significantly reduced delamination events (Figures 1G, S1P,
and S1Q), thus establishing that mtROS is a physiological trigger
for cell delamination in the amnioserosa. Genetic perturbations
in the cytosolic Cu/Zn superoxide dismutase SOD1 (Landis
and Tower, 2005) or Nox1 (the superoxide-generating enzyme)
did not alter ROS levels or influence delamination (Figures 1H
and 5K–5N).
Upregulation of delamination invariably hastens closure,
and its suppression delays it (Muliyil et al., 2011; Toyama
et al., 2008). Consistent with this, increasing mtROS levels but
not the cytosolic ROS perturbations tested hastened closure,
whereas suppressing mtROS production (through SOD2/cata-
lase overexpression) delayed it, with the rates of the latter com-
parable to caspase suppression (Figures 1I and 1J; Muliyil et al.,
2011). Together, our results establish that mtROS influences cell
behavior and the dynamics of dorsal closure.
ROS Levels Influence the Architecture and Activity of
the Actomyosin Cytoskeleton in the Entire Amnioserosa
We have previously delineated the nature and sequence of cyto-
skeletal changes that accompany delamination and the phases
of dorsal closure (Meghana et al., 2011; Saravanan et al.,
2013). We therefore examined whether mtROS and regulators
of mitochondrial morphology also influence cytoskeletal archi-
tecture and dynamics using sqh-GFP (regulatory myosin light
chain tagged to GFP) to visualize myosin and phalloidin to visu-
alize actin. In the amnioserosa of control embryos, myosin orga-
nization is dynamic and associated with a transition whose onset
coincides with zippering. Prior to zippering (phase I), myosin is
preferentially localized to the ‘‘medial’’ pool characterized by
large, discrete, apically localized blobs present in some but not
all cells at any given time (Figures 2A1, 2F1, and 2Q; Movie
S2). Very little myosin is localized to the circumapical membrane
region. With the onset of zippering (phase II), myosin becomes
organized into an apical meshwork present in nearly all cells of
the AS and is also detected in the circumapical membrane region
(Figures 2A3, 2F2, and 2R; Movie S2). High mtROS (SOD2 RNAi)
or fragmented mitochondria (resulting from the suppression of
mitochondrial fusion through the knockdown of the mitochon-
drial phospholipase MitoPLD; Muliyil et al., 2011) resulted in a
significant and early increase in the levels of circumapical myosinFigure 2. mtROS and Mitochondrial Remodeling Influence the Organiz
(A–T) Confocal time series of sqh-GFP (A–E; n = 8) and higher-magnification snaps
during early (n = 8–10 embryos) and late (n = 6–7 embryos) dorsal closure (c
respectively, and delaminating cells are indicated by yellow arrowheads) in contro
MitoPLD RNAi (C, H, and M), SOD2 (D, I, and N), p35 (E, J, and O), or catalase (P)
calculated from projections of z sections over a length of 10 mm (see cartoon and
stage embryos of genotypes depicted in the key (n = 15 cells from five embryos
(U) Scatterplot of myosin cycle times (n = 32 cells from six embryos; see Experim
(V) Mean values of the myosin cycle times calculated from the raw data in (U).
(W and X) Pulse amplitudes (W; n = 12) and normalized area fluctuations (X; n = 2
coded in the key.
Data are mean ± SEM. *p < 0.05, **p < 0.01. The scale bars represent 20 mm. Se
Developmin phase I, evident from the line profiles for myosin (sqh-GFP)
intensity (see Experimental Procedures), and the medial pool
was represented by multiple smaller apically localized blobs
(Figures 2B2, 2C2, 2G1, 2H1, and 2Q; Movie S2). No significant
differences were observed in phase II (Figures 2B4, 2C4, 2G2,
2H2, and 2R; Movie S2). In contrast, suppressing ROS (SOD2
overexpression) or caspase activity (p35 overexpression) re-
sulted in an increase in medial myosin that formed large blobs
in phase I and in the apical myosin meshwork that characterizes
phase II (Figures 2D, 2E, 2I, 2J, 2Q, and 2R; Movie S2).
To determine whether the changes associated with myosin
organization were also accompanied by changes in myosin
activity, we examined the phosphorylation of the myosin light
chain on the conserved Ser19 residue (pMLC), the key regulato-
ry step in myosin activation (Amano et al., 1996; Kimura et al.,
1996). In embryos with high ROS in the AS, pMLC, like
sqh-GFP, was enriched in the circumapical zones compared
to control embryos or embryos with low ROS, evident from
the line profiles for pMLC intensities. In embryos with low
ROS (SOD2 and catalase overexpression), pMLC was enriched
in the medial myosin pool compared to the other two geno-
types, and large blobs of medially localized pMLC were found
in most cells (Figures 2K–2P, 2S, and 2T). The localization of
pMLC largely recapitulated the localization of sqh-GFP
observed in these genotypes (Figures 2A–2J; Movie S2). These
findings uncover a role for mtROS in regulating the distribution
of active contractile myosin.
Given the effect on myosin activity, we examined actin organi-
zation in all genotypes. In embryos with high ROS or fragmented
mitochondria in the AS, we found an early enrichment of actin at
the apical cortex compared to controls and a relative reduction in
the cytoplasmic actin structures associated with the apical part
of the cell, as reflected in the line profiles of actin intensity across
the cell (Figures S2A–S2C, S2G, and S2H). In AS cells with
low ROS or inactive caspase, the levels of actin in the apical
cytoplasm were elevated in phase I (Figures S2D–S2H). These
results suggest that ROS levels, mitochondrial remodelers, and
caspase activity influence actomyosin organization and contrac-
tility throughout the tissue.
ROS Levels Influence Myosin Dynamics and Pulsed
Apical Constriction
Recent evidence from our group has substantiated the role for
medial myosin and its cycles of formation and dissolution in
driving pulsed apical constriction in the AS (Saravanan et al.,
2013). To test whether mtROS levels influence the dynamics of
myosin and through it the dynamics of apical constriction, weation, Dynamics, and Activity of Myosin in the Amnioserosa
hots of projected z sections showing sqh-GFP (F–J) or pMLC (K–P) localization
ircumapical and medial pools are indicated by green and red arrowheads,
l embryos (A, F, and K) and in embryos overexpressing SOD2RNAi (B, G, and L),
. Myosin (sqh-GFP; Q and R) and pMLC (S and T) line intensities (mean ± SEM)
Experimental Procedures) for early (Q and S) and late (R and T) dorsal closure-
). a.u., arbitrary units.
ental Procedures) in different genotypes, color coded as per the key.
0) (see Experimental Procedures) of cells belonging to the genotypes as color
e also Figure S2 and Movie S2.
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Figure 3. mtROS and Mitochondrial
Remodeling Influence Cytoskeletal Reorga-
nization during Cell Delamination
(A–F) Confocal snapshots of apical projections
of early and late dorsal closure-stage embryos
expressing actin-GFP (A–C) or sqh-GFP (D–F) that
are otherwise WT (A and D) or additionally express
SOD2 RNAi (B and E) or MitoPLD RNAi (C and F),
highlighting the formation of the actin ring around
(red arrows in A–C; n = 7 cells) and the accumu-
lation of myosin within (red arrows in D–F; n = 8
cells) delaminating cells. t = 0 marks the disap-
pearance of the cell.
(G) Duration of actin ring or cytosolic myosin
accumulation in the same genotypes (as coded by
the symbols).
(H) Cell index values at the first detection of actin
and myosin changes in the same genotypes (n = 7
cells from three embryos).
Data are mean ± SEM. *p < 0.05, **p < 0.01. The
scale bars represent 20 mm. See also Movie S2.
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Experimental Procedures). The average cycle time was
increased in the presence of high mtROS and reduced in a
low-ROS environment, compared to controls (n = 32 cells from
six embryos; see Figures 2U and 2V). Differences were also
reflected in the mean pulse amplitudes and normalized area
fluctuations [A(t)  A(t  1)/A(0)] in AS cells: high ROS caused
pulse dampening, whereas low ROS and caspase suppression
resulted in increased fluctuations (Figures 2W, 2X, and S2J–
S2N). These results reveal that mtROS has dose-dependent
effects on actomyosin organization and cell dynamics in the
amnioserosa.
High ROS Instructs Cytoskeletal Reorganization that
Accompanies Delamination
During native dorsal closure, mtROS generation is restricted
to cells that delaminate. It is therefore plausible that high244 Developmental Cell 28, 239–252, February 10, 2014 ª2014 Elsevier Inc.levels of ROS facilitate the cell-shape
changes and cytoskeletal reorganization
that accompany delamination. Indeed,
actomyosin organization in the entire am-
nioserosa in a high-ROS environment
resembled a phase II-like organization
(increased circumapical/cortical actomy-
osin and pulse dampening). These are
also features associated with cell delam-
ination. Specifically, actomyosin enrich-
ment is found within and around a
delaminating cell (at the interface be-
tween the delaminating cell and its neigh-
bors), and pulse dynamics is dampened
in both the delaminating cell and its near-
est neighbors (Meghana et al., 2011; Sar-
avanan et al., 2013). In the presence of
high ROS or increased mitochondrial
fragmentation, an early and prolonged
enrichment of actin (visualized usingactin-GFP) was observed within the delaminating cell and
around it (Figures 3A–3C, 3G, and 3H). This was also evident
from the cell indices associated with the first detection of actin
enrichment (Figure 3H). Myosin accumulation within the delami-
nating cell was also pronounced and early in both genotypes
compared to controls (Figures 3D–3F, 3G, and 3H; Movie S2).
These results argue that high ROS instructs cell delamination
by hastening cytoskeletal reorganization that accompanies
natural delamination.
Mitochondrial ROS Induces Changes in Mitochondrial
Morphology and Distribution
The similarities in the cell behavior and cytoskeletal phenotypes
associated with ROS induction and mitochondrial fragmentation
on one hand and ROS suppression and caspase suppression
on the other prompted us to investigate the relationship be-
tween ROS and mitochondria. Previous studies suggest that
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influence mitochondrial dynamics (Shutt et al., 2012). Despite
the nearly coincident appearance of high ROS and mitochon-
drial fragmentation in the majority of delaminating cells (CI
very close to 1; Muliyil et al., 2011 and this study), the fact
that our ROS readout is transcriptional makes it likely that
ROS activity precedes mitochondrial fragmentation. Indeed,
the later detection of ROS in some delaminating cells and the
presence of MitoSOX single-positive cells suggest that gstD-
GFP expression follows it (Figures 1D and 1E). To probe the
causal relationship between mtROS and mitochondrial frag-
mentation in this context, we examined the morphology of mito-
chondria by using a mitochondrially tagged GFP construct
targeted to single cells expressing SOD2 RNAi (high ROS; Fig-
ures 4B1–4B4) or overexpressing SOD2 (low ROS; Figures
4C1–4C4). In delaminating cells induced by increasing ROS
levels, mitochondrial fragmentation was observed as previously
demonstrated in a naturally delaminating cell, but was more
pronounced (Figures 4A and 4B; Muliyil et al., 2011). In contrast,
single cells in which ROS was suppressed (SOD2 overexpres-
sion) failed to delaminate and showed markedly tubular mito-
chondria (Figure 4C). The observed changes are consistent
with the idea that ROS levels can influence mitochondrial
morphology. Specifically, they show that high ROS levels can
induce fragmentation of mitochondria, the hitherto earliest
marker of a delaminating cell.
To determine whether ROS levels influence mitochondrial
morphology regardless of whether cells delaminated, we exam-
ined mitochondrial morphology in the amnioserosa of embryos
in which ROS levels were either elevated or reduced in all AS
cells (by using ASGal4 and both Mito-GFP and MitoTracker).
As previously described (Muliyil et al., 2011), mitochondria
in wild-type (WT) embryos go from being a mixed population
(of fragmented and tubular) to becoming increasingly tubular
and show a gradual increase in total mitochondrial intensity
over time (Figures 4D1–4D4 and 4G; Movie S3). They also
remain largely confined to apical planes (Figures S3A and
S3D). In the amnioserosa with high ROS, this transition was
both delayed and less pronounced. Also, there was no increase
in mitochondrial intensity, and individual mitochondria were less
discrete and more diffuse (Figures 4E1–4E4, 4G, S3B, and S3E;
Movie S3). Suppressing ROS in the amnioserosa (which also
suppressed delamination; Figure 1G) resulted in the early
transition to tubular mitochondria and an earlier increase in
mitochondrial intensity. Additionally, mitochondria appeared to
be clumped and formed networks (Figures 4F, 4G, S3C, and
S3F; Movie S3). MitoTracker staining of early and late dorsal
closure-stage embryos recapitulated these features (Figures
4H–4J).
A further difference between the three genotypes was
observed in the distribution of these organelles within the vol-
ume of an AS cell. In WT cells, mitochondria remain restricted
to the apical domain of amnioserosa cells throughout closure
(Figures S3A and S3D). Although this localization is also main-
tained in cells with low ROS (Figures S3C and S3F), high ROS
resulted in their redistribution (both in early and late stages)
throughout the volume of the cell (Figures S3B and S3E).
Together, these observations demonstrate that mtROS levels
influence the morphology, distribution, and dynamics of mito-Developmchondria in all cells of the amnioserosa. Importantly, our results
identify a role for low levels of ROS (undetectable by gstD-GFP
but perturbed by SOD2 overexpression) in influencing the prop-
erties of mitochondria.
Mitochondrial ROS Functions Upstream of the
Mitochondrial Fission-Inducing Protein Drp1 and
Caspase Activation
We previously demonstrated that mitochondrial fragmentation
was both necessary and sufficient for inducing cell delamination
in the AS (Muliyil et al., 2011). To test whether mtROS drives
mitochondrial fragmentation in delaminating cells, we examined
the effect of increasing ROS (SOD2 RNAi) in a Drp1 mutant in
which fragmentation was suppressed (Goyal et al., 2007). This
led to an almost complete suppression of delamination (Fig-
ure 4K), indicating that ROS functions through the induction of
mitochondrial fragmentation by Drp1 to drive cell delamination.
Further, ROS activity (cell numbers with active ROS) was not
influenced by the reduction of Drp1 (reduced fragmentation),
the absence of hid, the inactivation of caspase (reduced cell
death), or in the presence of a Drp1 gene duplication (increased
fragmentation) compared to control embryos (Figures 5A–5J
and 5O). These results indicate that ROS levels in the AS are
insensitive to the extent of mitochondrial fragmentation and
the activation of apoptotic genes. Conversely, ROS-positive
cells in Drp1 or hid mutants failed to delaminate (Figures 5S
and 5T), and caspase activity was detected in a larger number
of cells with elevated ROS and in a smaller number of cells
in embryos with low ROS (Figures 5P–5R). Finally, caspase
inhibition suppressed the effects of high ROS on delamination,
further validating the hypothesis that ROS activity impinges
on the canonical apoptotic cascade to drive delamination (Fig-
ure 6N). Collectively, our results firmly establish that ROS func-
tions upstream of Drp1 and caspase activation in the context of
delamination.
Mitochondrial ROS Regulates the Distribution and
Levels of the Rho Effector ROCK
A key regulator of myosin contractility is the Rho kinase ROCK
(Amano et al., 1996). To determine whether ROCK mediated
the effects of ROS on the cytoskeleton, we examined whether
ROCK levels and distribution were sensitive to ROS levels. In
the amnioserosa of WT embryos, ROCK levels showed a dy-
namic redistribution from a largely cytoplasmic/medial distribu-
tion during early closure to a circumapical distribution during
late closure, mimicking the distribution of sqh-GFP and pMLC
(Figures 2A, 2F, 2K, 2Q–2T, 6A, 6B, 6G, and 6H). A dramatic
redistribution to the circumapical region was observed in early
dorsal closure-stage embryos with high ROS in the amnioserosa
(Figures 6E–6H). In contrast, high medial accumulation of ROCK
was observed in amnioserosa cells in which ROS had been
quenched (Figures 6C, 6D, 6G, and 6H). Further, the effects of
high ROS on delamination were substantially reduced in ROCK
(rok1) mutants, suggesting that ROS mediates its effects on
delamination through ROCK (Figure 6N). Further evidence for
the role of ROCK came from the observation that head involu-
tion, a process dependent on the proapoptotic gene hid and cas-
pases (molecules downstream of ROS in the pathway we have
delineated), is sensitive to the levels of ROCK. Indeed, anteriorental Cell 28, 239–252, February 10, 2014 ª2014 Elsevier Inc. 245
Figure 4. mtROS Influences Mitochondrial Morphology and Distribution
(A–C) Real-time confocal images of embryos expressing mitochondrially tagged GFP in single cells of the amnioserosa in control embryos (A) or in embryos
overexpressing SOD2 RNAi (B) or SOD2 (C) (n = 6–8 embryos in each case).
(D–F)Heatmapsofmito-GFP in theentireamnioserosa incontrol embryos (D) or inembryosoverexpressingSOD2RNAi (E) orSOD2 (F) (n=6–8embryos ineachcase).
(G) Normalizedmitochondrial GFP intensities for multiple genotypes plotted over time (t = 0marks a stage close to the end of dorsal closure; n = 5 embryos) in the
genotypes as indicated in the key.
(H–J) Confocal snapshots of early and late dorsal closure-stage control (H), SOD2 RNAi- (I), or SOD2-overexpressing embryos (J) labeled with MitoTracker (n = 5
embryos; see Experimental Procedures).
(K) Delamination numbers in control, Drp12/+, and SOD2 RNAi embryos and in SOD2 RNAi embryos heterozygous for the Drp12 mutation (n = 6 embryos).
Data are mean ± SEM. *p < 0.05, **p < 0.01. The scale bars represent 20 mm. See also Figure S3 and Movie S3.
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mutants (Figures 6I–6L) and in embryos in which ROS had been
quenched throughout the embryo (Figure 6M), whereas a smaller246 Developmental Cell 28, 239–252, February 10, 2014 ª2014 Elsevfraction of rok1 mutants exhibited dorsal holes. Collectively,
these results place ROCK downstream of ROS and upstream
of pMLC-dependent myosin contractility.ier Inc.
Figure 5. Influence of Regulators of
Mitochondrial Remodeling and Apoptosis
on ROS Generation in the Amnioserosa
(A–N) Visualization of ROS (yellow arrowheads)
in early and late dorsal closure-stage gstD-GFP
embryos (n = 10–15 embryos) that are otherwise
WT (A and B), heterozygous for a duplication of
Drp1 gene (C and D), heterozygous for the Drp12
mutation (E and F), homozygous for the hid dele-
tionmutant (G andH), or overexpressing p35 (I and
J), Nox1 RNAi (K and L), or SOD1 RNAi (M and N).
(O) Distribution of ROS-positive cells in early-,
mid-, and late-stage embryos (n = 4–5 per stage)
in the genetic backgrounds color coded as per
the key.
(P and Q) Caspase activity (red) in control (P) and
SOD2 RNAi (Q) embryos (phosphotyrosine in
green; n = 15 embryos).
(R) Stagewise detection of caspase-positive cells
in control and mutant genotypes (n = 4–5 per
stage) as colored in the key.
(S and T) Confocal snapshots of embryos homo-
zygous for the hid deletion (S) or heterozygous
for the Drp12 mutation (T) carrying gstD-GFP and
E-cadherin-GFP showing the fate of individual
GFP-positive cells (red arrowheads; n = 6) during
dorsal closure.
Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p <
0.001. The scale bars represent 20 mm.
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Figure 6. ROCK Mediates the Effects of mtROS on the Cytoskeleton and Cell Delamination
(A–F) Confocal snapshots of early and late dorsal closure-stage embryos that are either WT (A and B) or overexpressing SOD2 RNAi (C and D) or SOD2 (E and F)
showing the localization of ROCK (green) in amnioserosa cells colabeled with phosphotyrosine (red) (n = 12 embryos for each genotype).
(G andH) Line-intensity profiles for ROCK calculated from z projections over a length of 10 mm for early (G) and late (H) dorsal closure-stage embryos of genotypes
as color coded in the key (n = 15 cells from five embryos for each stage of each genotype).
(I–M) Bright-field images at hatching of control (K), rok1 mutant (L; 88%, n = 8) validated in (I) and (J) (n = 10 and 3, respectively), and ROS-quenched embryos
(M; 25%, n = 150) to show anterior scabs (red arrows) and head cuticle defects (green arrows).
(N) Epistatic relationships between ROS and caspase or ROS and ROCK inferred from the effects on delamination numbers in embryos overexpressing p35,
SOD2 RNAi alone, or SOD2 RNAi in combination with p35 overexpression or homozygous rok mutation (n = 7–9 embryos for each genotype).
Data are mean ± SEM. **p < 0.01, ***p < 0.001. The scale bars represent 20 mm.
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In this work, we uncover roles for mtROS in tissue dynamics and
homeostasis, mediated by its instructive effects on mitochon-
drial and cytoskeletal remodeling. First, we identify two modes
of ROS generation, stochastic and high versus uniform
and low, that have distinct effects on the cytoskeleton and
cell behavior (delamination/unpulsed constriction and pulsed
constriction, respectively). Second, we identify ROCK as the crit-
ical mediator downstream of ROS and establish its importance in248 Developmental Cell 28, 239–252, February 10, 2014 ª2014 Elsevmediating its effects on cytoskeletal organization and putatively
also mitochondrial organization through its substrates MLC and
(possibly) Drp1, respectively. Third, the clustering of cytoskeletal
phenotypes and cell-behavior changes induced by components
in this pathway also allows us to reinforce the cytoskeletal orga-
nizational principles that underlie heterogeneities in cell behavior
and tissue dynamics. Specifically, they highlight the reciprocal
relationship between pulsed constriction and cell delamination
previously demonstrated by us (Saravanan et al., 2013) during
native closure and in single-cell perturbations. Further, theyier Inc.
Figure 7. Model for ROS Influence on Cytoskeletal and Mitochon-
drial Reorganization and Cell and Tissue Dynamics
(A) High ROS induces mitochondrial fragmentation and caspase activation
through Drp1 (potentially also involving the intermediate ROCK) and myosin
organization through subcellular redistribution of ROCK and, through it, pMLC.
Circumapical ROCK and pMLC localization mediate changes in cell behavior
and tissue dynamics consistent with phase II and delamination.
(B) LowROS levels promote tubule and network formation in mitochondria and
medial myosin activity consistent with phase I (medially localized ROCK and
pMLC) and might suppress caspase activation.
Solid arrows indicate relationships proven by this study, and dashed arrows
indicate inferred relationships.
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differences in kinematics between the two behaviors/phases
associated with dorsal closure (Sokolow et al., 2012). Collec-
tively, our results identify a pathway that functions as a chemical
homeostat to tune cell behavior and tissue dynamics qualita-
tively, quantitatively, and kinematically (Figure 7).
Functions of Mitochondrial ROS in Tissue Homeostasis
Previous studies have classified the cellular effects of ROS as
damaging, adaptive, or homeostatic as a function of decreasing
levels. ROS and peroxides generated in the cytosol through
the cytosolic enzymes SOD1, Nox, Duox, or peroxidasin were
shown to promote cell proliferation, migration, and inflammatory
responses during development and wounding and to maintain
tissue integrity (Chartier et al., 2012; Hurd et al., 2012; Love
et al., 2013). Known roles for mtROS include metabolic adapta-
tion, autophagy, differentiation, and dose-dependent responses
to oxygen concentrations that result in either cell survival or
death (Hamanaka et al., 2013; Sena and Chandel, 2012). mtROS
also mediates the effects of vascular endothelial growth factor
on endothelial cell migration through the Rac1 GTPase (Wang
et al., 2011). Our study demonstrates the necessity of mtROSDevelopmin the regulation of cell behavior and tissue dynamics in the
context of a complex morphogenetic movement that resembles
wound healing and has provided mechanistic insights. First,
mtROS influences cell behavior and tissue dynamics in a dose-
dependent manner. High levels induce cell delamination and
increased contractility and, through it, high tissue tension. Low
levels inhibit delamination, promote pulsed constriction, and,
through it, low tension. Second, its influence relies on the regu-
lation of myosin architecture, dynamics, and activity: high ROS
promotes high interfacial tension through circumapical myosin
assembly and activity, whereas low ROS mediates pulsed
myosin dynamics through increased activemedial myosin. Third,
ROS levels influence mitochondrial morphology: high ROS
induces fragmentation, whereas low ROS promotes fusion and
network formation and possibly also influences physiology.
Our studies thus identify both mitochondrial and extramitochon-
drial effects of mtROS. Our studies suggest that these effects
might bemediated by the diffusion of ROS from themitochondria
to the cytosol. Our results do not rule out roles for the cytosolic
ROS-metabolizing enzymes SOD1/3 and Nox, which are,
however, not significantly expressed in the AS (FlyBase). Thus,
mtROS is a physiologically relevant species in this tissue.
ROCK: A Key Mediator of the Effects of ROS
Our results argue that changes in cell behavior downstream of
ROS require mitochondrial remodeling (induced by it), but do
not rule out the possibility that both ROS and mitochondrial
fragmentation can independently reorganize the cytoskeleton.
They identify ROCK as a keymediator of cytoskeletal remodeling
induced by ROS, through its substrate MLC and possibly also
MLC phosphatase. Pulmonary vascular smoothmuscle contrac-
tility in response to hypoxia is regulated by ROS through ROCK
by an unknownmechanism, and Rho can be directly activated by
ROS (Aghajanian et al., 2009; Denniss et al., 2010). ROCK is also
the critical mediator of myosin localization. In Drosophila S2
cells, myosin localization to the cytokinetic furrow depends on
its prior phosphorylation by ROCK (Dean and Spudich, 2006).
InDrosophila epithelia, ROCKpromotes cortical myosin localiza-
tion (Bertet et al., 2004; Simo˜es et al., 2010). Our analysis of
ROCK distribution and myosin localization and activity (pMLC)
reveals qualitative (spatial organization) and quantitative differ-
ences in the ROS perturbations tested, strengthening the possi-
bility that they aremediated by ROCK. The recent demonstration
that the regulation of ROCK localization influences pulsed
constriction supports this: radially localized ROCK (in Twist
mutants) promotes the stabilization phase, whereas medially
localized ROCK promotes the constriction phase in cells of the
ventral furrow (Mason et al., 2013).
ROCK also phosphorylates Drp1, facilitating its recruitment to
the mitochondria to cause mitochondrial fragmentation (Wang
et al., 2012a), the other feature we observe in cells with high
ROS. It is therefore possible that both effects of ROS are medi-
ated by ROCK, with high ROS activating ROCK. Our results
do not rule out other mechanisms by which ROS might exert
its effects. ROS can also influence cytoskeletal organization
through glutathionylation of actin and modifications of other
cytoskeletal proteins (Fratelli et al., 2002; Sakai et al., 2012).
ROCK is also a caspase substrate; its cleavage by caspase
is thought to mediate the membrane blebbing associated withental Cell 28, 239–252, February 10, 2014 ª2014 Elsevier Inc. 249
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ates loss of adhesion through the cleavage of b-catenin (Kessler
andMu¨ller, 2009). Our studies reveal that caspases are activated
when ROS levels are high. Although our results allow us to place
ROCK downstream of ROS and upstream of myosin in cytoskel-
etal organization, its position in the hierarchy in relation to cas-
pase activation cannot be determined. However, the existence
of head involution defects in rokmutants and upon ROS quench-
ing further strengthens the idea that high ROCK must be an
integral component of the pathway that mediates cytoskeletal
and mitochondrial reorganization in response to oxidative and
apoptotic signals. Together, our results suggest that ROS, mito-
chondrial signaling, and caspase activity work synergistically
to mediate distinct changes in the cytoskeleton and adhesion
that accompany cell behavior and tissue dynamics through a
common mediator, ROCK.
On the Origin of Stochasticities in High ROS Generation
We posit that the source of ROS might be important in under-
standing what triggers stochastic increases in ROS generation.
Candidate regulators of mtROS production include hypoxia,
metabolic stress, and signaling through calcium, phosphoinosi-
tide 3-kinase, and integrins (Sena and Chandel, 2012). Whether
spatial heterogeneities in these upstream signals underlie
stochasticities in ROS generation will be interesting to explore.
ROS metabolism can be spatially restricted within the cell, as
seen in the leading edge of lamellipodia and the regenerating
edge of a wound (Love et al., 2013; Martinelli et al., 2013).
Whether ROS activity is also spatially restricted in the AS cell
by subsequent reorganization of mitochondrial distribution or
cytosolic diffusion remains to be determined.
Implications for Wound Healing and Cancer Metastases
Accumulating evidence suggests striking similarities in the
response to single-cell and multicellular wounds and in the
response to a mechanical stimulus without a wound (Meghana
et al., 2011; Sonnemann and Bement, 2011). Our studies have
identified functions for ROS in both single-cell (delamination)
and multicellular (dorsal closure) models for wound healing.
Delamination also resembles an epithelial-to-mesenchymal tran-
sition and metastasis in being associated with loss of adhesion
and movement out of the cell sheet. ROS levels have also been
implicated in regulating epithelial-to-mesenchymal transitions
(Donget al., 2013) bypoorly understoodmechanisms.Our results
provide a potential mechanism by which wound healing and
metastasis might be compromised or accelerated, respectively,
in diabetes and cancer spread. How cells may modulate their
sensitivity to ROS will be an interesting area to explore.
Conclusion
Our results provide evidence for dose-dependent regulation
of cell behavior and tissue dynamics by mtROS. They identify
an mtROS-ROCK-caspase pathway that coordinately regulates
myosin and mitochondrial organization, dynamics, and activity.
They suggest that ROS functions as a chemostat that responds
to insults by tuning cell behavior to suit the stresses they
encounter. Our results have implications for a wide range of
disease pathologies that are associated with compromised
epithelial homeostasis.250 Developmental Cell 28, 239–252, February 10, 2014 ª2014 ElsevEXPERIMENTAL PROCEDURES
Drosophila Stocks
The following stocks were used: Canton S (WT); c381Gal4 (AS Gal4/AS::/AS>;
for amnioserosa expression); UAS-mito-GFP (to label mitochondria); UAS-
actin5C-GFP (for actin dynamics); UAS-CD8::PARP-Venus (to detect caspase
activity; Williams et al., 2006); UAS-p35.H (UAS-p35); UAS-SOD1, UAS-SOD2,
UAS-catalase, hid05014 (hid amorph), and rok1 (ROCK mutant) (from the Bloo-
mington Stock Center); Ubi DE-cadherin-GFP (ECadhGFP; from T. Uemura) to
mark apical membranes; and enGal4 (en::; for single AS cell expression; e16E
from A.H. Brand). enGal4 was recombined with Ubi DE-cadherin-GFP to drive
perturbations in single cells of the amnioserosa and simultaneously visualize
membrane morphologies (stock made by Priyamvada Chugh); sqh-GFP to
visualize myosin dynamics (Royou et al., 2004; kind gift of Roger Karess);
gstD-GFP to visualize ROS activity within cells (Sykiotis and Bohmann,
2008; kind gift of Dirk Bohmann); Drp12 (Drp1 mutant; Goyal et al., 2007;
kind gift of V. Sriram); UAS-MitoPLD RNAi, UAS-SOD1 RNAi, UAS-SOD2
RNAi, and UAS-Nox1 RNAi (from the Vienna Drosophila RNAi Centre);
and Dp(2;1)JS13 (Drp1 overexpression; Rikhy et al., 2007; kind gift of Richa
Rikhy). See the Supplemental Experimental Procedures for a full list of
genotypes.
Embryo Staging, Immunohistochemistry, and Imaging
Embryo collections were prepared at 29C and enriched for stages 13–14.
Whole-mount staining was carried out according to standard protocols
(Narasimha and Brown, 2006). The following primary antibodies were used:
anti-GFP (Abcam; 1:750), anti-phosphotyrosine (Sigma; 1:500), anti-cleaved
PARP (Abcam; 1:50), pMLC Ser19 (Cell Signaling; 1:50), ROCK1 (Cell
Signaling; 1:100), and MnSOD (Stressgen; 1:100). Fluorophore-conjugated
secondary antibodies were used at 1:200 dilution. Phalloidin (Invitrogen;
1:100) was used to label actin. Confocal sections were obtained at 0.3 mm
steps on an Olympus FluoView 1000 microscope. Maximum-intensity projec-
tions of the entire stack or of apical and basal subsets are presented. Levels of
fluorescence intensity were adjusted to include the entire area under the curve.
Images were assembled with Adobe Photoshop, and composites were
assembled in Adobe Illustrator.
Live Imaging
Stage-matched embryos were dechorionated and imaged under halo-
carbon oil 700 (Sigma) on a coverslip on an Olympus FluoView 1000
confocal microscope. Images were acquired at one 3D frame per min (for
measurements of rates of dorsal closure) or three 3D frames per min (for
myosin and actin dynamics). Images were processed and assembled
in ImageJ (version 1.37) and Adobe Photoshop (version 7.2; Adobe
Microsystems).
Dye Labeling
MitoTracker and MitoSOX (Invitrogen) labeling was performed with a dye-
labeling protocol developed by us specifically for older embryos (stage 11
and older). See the Supplemental Experimental Procedures for details.
Intensity Measurements
Measurements of mitochondrial, myosin, pMLC, ROCK, and actin intensities
were done on manually selected regions of interest with ImageJ. See the
Supplemental Experimental Procedures for details.
Quantitative Dynamics
The dynamics of ellipse and cell areas and myosin cycles were obtained
from manually extracted ellipse and cell outlines with ImageJ. See the
Supplemental Experimental Procedures for details.
Statistical Analysis
Statistical analysis of the significance (*p < 0.05, **p < 0.01, ***p < 0.001) of
differences in phenotype prevalence across genotypes was performed
with Microsoft Excel 2003 and GraphPad InStat 3. Curves and histograms to
visualize phenotype penetrance, distribution of different death markers, and
dynamic analysis of dorsal closure for all genotypes were plotted with Origin
6.1 (OriginLab).ier Inc.
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